This paper focuses on the effect of fiber orientation and stacking sequence on the progressive mixed mode delamination failure in composite laminates using fracture experiments and finite element (FE) simulations. Every laminate is modelled numerically combining damageable layers with defined fiber orientations and cohesive zone interface elements, subjected to mixed mode bending. The numerical simulations are then calibrated and validated through experiments, conducted following standardized mixed mode delamination tests. The numerical model is able to successfully capture the experimentally observed effects of fiber angle orientations and variable stacking sequences on the global load-displacement response and mixed mode inter-laminar fracture toughness of the various laminates. For better understanding of the failure mechanism, fracture surfaces of laminates with different stacking sequences are also studied using scanning electron microscopy (SEM).
Introduction
As laminated composites are widely used in aerospace applications, their failure mechanisms under different loading conditions have been studied extensively by various research groups. Different stacking sequences, fiber orientations and crack propagation directions have considerable effects on the structural response, fracture resistance, and failure mechanisms of the composite laminates. The behaviour of different multidirectional (MD) composite laminates, with different ply orientations, subjected to single or mixed mode delamination has been studied by different research groups [1] [2] [3] [4] [5] [6] [7] [8] . As a summarized result of the mentioned references and as explicitly reported in literature [3] [4] [5] , MD laminates are generally preferred to unidirectional (UD) ones due to their higher interlaminar fracture resistance observed through experiments, which is assumed to be due to extrinsic toughening mechanisms such as blunted crack tips or deviation of the crack from the main crack plane to the adjacent layers and some in-ply energy absorption.
Numerical modelling of mixed mode delamination of MD laminates is a challenging task, since the final failure generally occurs as a result of interacting intra-laminar and inter-laminar damage modes. The mathematical models or analytical solutions concerning in-ply (intra-laminar) and out of ply (inter-laminar) damage or fracture are specified in Refs [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . When intra-laminar damage modes such as matrix cracking and fiber rupture are of primary concern, a detailed orthotropic ply damage model must be developed to fully capture the failure mechanism [9] [10] [11] [12] [13] . When inter-laminar failure or delamination is the predominant failure mechanism, several methods suggested in literature can be used for simulating interfacial damage initiation and propagation [14] [15] [16] [17] [18] [19] [20] [21] . One of the recent appealing techniques used in the numerical modelling of delamination is the cohesive zone approach, which is also applied in this work. Many authors have published papers on the cohesive zone approach or development of interface elements, [16] [17] [18] [19] [20] [21] , since it was first suggested by Dugdale [16] .
The present paper focuses on simulation of mixed mode delamination of composite laminates with different layups and stacking sequences following experimental and numerical approaches. Combination of these two approaches, mainly emphasizing the effect of fiber orientations and stacking sequences on improving the inter-laminar fracture resistance of multidirectional composite laminates with a thermoplastic matrix (PEEK), has not been addressed in detail in literature and is the main scope of this work. The mixed mode bending (MMB) experiments, first suggested by Crews and Reeder [22] are conducted at German Aerospace Centre (DLR). As a result of these experiments the load-displacement 0921 response and inter-laminar fracture mechanisms of different layups under various mode mixities were obtained, and the fracture surfaces were analyzed in detail using SEM. The mixed mode inter-laminar damage is represented by using interface elements, the constitutive mathematical model of which is described in detail in Ref. [20] . Meanwhile, an in-built ply damage model in ABAQUS [23] , partially based on the works of Hashin [13] and Matzenmiller et al. [10] , is used to define the intra-laminar ply damage behaviour. The numerical model is validated by reproducing the load-displacement response of the conducted MMB experiments and growth of the expected damage. Following this Section 1, Section 2 describes the material system and the followed MMB experimental procedure. The numerical procedure is summarized in Section 3. Comparisons between numerical and experimental results, the effect of fiber orientations and stacking sequences on the load-displacement response and fracture resistance, and discussions on some SEM samples are all given in Section 4. Finally, a brief summary and conclusions are presented in Section 5.
Experimental program

Test specimens
Base material used in this study is APC2-prepreg material from Cytec Engineered Materials (Cytec Industries Inc.) consisting of AS4-fibres (60 vol.%) impregnated with a PEEK matrix. The thickness of each prepreg layer is about 140 m. As an initial step, the specified number and orientation of layers (Table 1) is stacked together on a heating plate, and a 50 mm width, 13 m thick polyimide film (Kapton) is placed in the mid-plane of each layup as a delamination starter. In the next step, the completed stacking is equipped with thermocouples and covered with a vacuum bag and textile insulation layers. After applying vacuum, the heating plate is heated up to 400 • C to melt the PEEK matrix for consolidation. Then the heating is switched off for cooling down. After removing the insulation and vacuum bag a consolidated plate with the desired layup and delamination layer is obtained. Plates with a dimension of about 320 mm × 320 mm were produced and cut by water jet to final specimen size. Thus, several specimens were produced within one batch. The production of all specimens using the above-mentioned consolidation technique was held at the composite laboratory of German Aerospace Centre (DLR) in Stuttgart. Some known advantages of the thermoplastic polymers such as good formability by reheating and weldability, environmentally friendly processing, and their certification for use in aeronautics were among the main reasons to prefer them to a thermoset matrix material. Each tested specimen was a 24-ply carbon/PEEK laminate, 25 mm wide, 150 mm long, and 3.12 mm thick, and a 13 m polyimide film (Kapton), used as the delamination starter plane.
The coupling stiffness (B ij ) of the chosen laminates is desired to be zero or very close to zero in order to minimize twisting by bending moments and distortion by thermal residual stresses, as the specimens are tested at a temperature different from the consolidation temperature [24] . Meanwhile, stacking sequences, which have equal numbers of +Â and −Â plies (balanced layups), 
Experimental procedure and data reduction
The MMB experiment, first introduced by Crews and Reeder [22] , provides the possibility to combine the influence of normal or opening (mode I) and shear or sliding stresses (mode II) on inter-laminar delamination using a single test apparatus shown in Fig. 1 . The MMB loading was represented by a superposition of pure mode I and mode II loadings, conducted by a single load P. Fig. 1 shows the MMB loading expressed in terms of the applied load P, the loading lever length c, and the specimen half-span L. The relative magnitude of the two resulting loads on the specimen, or in other words the mode mixity, is determined by varying the lever length, c. When the applied load is directly above the beam mid-span (c = 0), pure mode II is achieved, and pure mode I is applied by removing the beam and pulling up the hinge. The mechanical tests were carried out according to the standardized test for mixed mode bending fracture of fiber reinforced composites [25] . The machine used is a 10 tonnes Instron testing machine equipped with a 100 kN load cell to measure the load for propagating the crack. The load precision is verified to 0.5% for this load cell. Therefore, the minimum and maximum load levels measured in the experimental set might have an uncertainty ranging from 0.75 to 3 N. Before mounting the MMB test specimen to the testing apparatus, a calibration specimen was used to ensure the accuracy of all measuring equipment. The calibration specimen was a rectangular bar made from steel with a 193 GPa elastic modulus and a flexural rigidity of about 90.12 N m 2 as suggested in the standard test procedure. Similar to a MMB specimen, tabs were applied to one end, then the MMB apparatus was loaded with the calibration specimen and the load-displacement response was recorded. The slope of this calibration load-displacement curve is then measured to calculate the compliance of the MMB testing system, which must be accurately determined at each setting of lever length, c. After system calibration, the MMB specimen was mounted on the apparatus and in addition to pure mode I and pure mode II tests, experiments with three different mode mixities (30%, 50%, and 80%) were carried out using the MMB apparatus with a crosshead displacement rate of 0.5 mm/min for all the specimens. The loading point displacement and load histories were recorded by using a digital data acquisition system and the optimum data sampling rate was chosen to be 50 Hz. At least three specimens were tested for each mode mixity (i.e., at each mode mix the average of three experiments is taken as the main experimental data), and the differences in the measured data (displacement, loads and propa- gating crack length) were less than 1.5%. A video camera was placed parallel to the specimen thickness to monitor the crack growth. By using this camera together with a crack event marker, it was possible to determine the load and displacements associated with a specific crack length. The data reduction procedure to calculate mode I and mode II critical strain energy release rates or fracture toughness (G Ic and G IIc ) is explained here. The solutions for mode I and mode II strain energy release rates (G I and G II ) are derived from "beam theory" solutions, also described in Ref. [26] by Williams for general problems involving delaminated homogeneous materials. The beam theory equations are further "corrected" by energy terms associated with shear deformation, the rotation of arms at the delamination tip, and plastic deformation ahead of the crack tip incorporated as crack tip correction factors, [27] [28] . According to this "corrected beam theory", stated in Eq. (1), G I and G II are mainly functions of applied load (P), loading lever length (c), propagating crack length (a), crack tip correction factor ( ), and mechanical and geometrical properties of the specimen:
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The crack tip corrections for normal and shear modes, n and s , are computed adapting the existing solutions for UD composites. In order to obtain n , Williams' elastic foundation solution for the Double Cantilever Beam test [26] is modified to the following form, Eq. (2), which is also used in the ASTM D6671 data reduction procedure:
Furthermore according to [29] , based on the analysis of End Notched Flexure test, s can be obtained through Eq. (3):
In the above expressions E 11f stands for longitudinal flexural modulus in fiber direction of the half-laminate obtained through Classical Laminate Theory. E 22 and G 13 are transverse modulus perpendicular to fiber direction and transverse shear modulus of the whole laminate, respectively. The subscripts (u) and (l) correspond to the upper and lower sublaminates, and W and h are width and halfthickness of the specimen. It is worth mentioning that the crack tip correction factors are assumed to be the same for upper and lower sublaminates here. The critical value of the applied load in the determination of G Ic and G IIc is chosen as the load corresponding to the 1st visible nonlinearity in load-displacement curve (P NL ) [30] . The critical delamination length is taken as the propagation crack length marked through the experiment. If the required mechanical properties of a laminate like (E 11f , E 22 , and G 13 ), geometrical properties (width, thickness, and length) and mixed mode fracture experimental data (Ex: load-displacement and crack propagation data) are available, then one can directly calculate the critical strain energy release rates using above-mentioned Eqs. (1)- (3) .
Failure criteria used in damage evolution process is based on strain energy release rate in this work, which seems to be a good measure of a materials resistance to delamination extension, and most of the suggested failure criteria can be written in terms of critical strain energy release rate or fracture toughness. In this study, in order to accurately account for the variation of fracture toughness as a function of mode ratio in the AS4/PEEK composite, the mixed mode criterion proposed by Benzeggagh and Kenane [31] (Eq. (4)), is used:
According to [31] , the mixed mode failure response of the material is described by plotting the total critical fracture toughness G c versus different mode mixities (G shear /G T ). Parameter Á in Eq. (4) maintains the shape of the failure locus in the mixed mode plane, and the most accurate failure criterion is the one matching the material response when plotted in this mixed mode diagram.
Numerical simulations
The numerical model created in ABAQUS [23] consists of individual damageable plies to capture any in-ply damage and interface elements in between them as shown schematically in Fig. 2 . The mathematical damage models used for the ply and the interface are described in this section.
Ply damage model
The in-ply damage in each lamina is described using the in-built Hashin damage model in ABAQUS [23] . An orthotropic material inplane stress for each ply is assumed prior to damage initiation. Beginning of degradation of the ply response, or in other words the damage initiation, is due to four main failure criteria, namely: fiber ruptures in tension, fiber buckling in compression, matrix cracking under transverse tension and shearing, and matrix crushing under transverse compression. Damage propagates when the total fracture energy in any of the four mentioned cases reaches its maximum value (G cmax ) specified by the user as an input parameter. During damage propagation, three non-negative in-ply damage parameters, d f , d m , and d s reduce the ply stiffness numerically in fiber, transverse, and shear directions, respectively, until the final failure point is reached. Therefore, the degradation of the ply stress tensor () can be written as [10] Fig. 3 . Schematic of mixed mode softening law in interface elements after [20] .
E 11 , E 22 , and G 12 are the longitudinal, transverse, and in-plane shear modulus of the undamaged orthotropic lamina. Detailed information regarding the mentioned in-ply damage model such as damage evolution laws or constitutive equations can be found in Refs. [10, 13, 23] .
Interface model
The cohesive zone approach, adopted in this work, makes use of interface finite elements incorporating a cohesive mixed mode damage model. In this section, a concise description of the interface element is given. The zero thickness eight node cohesive elements, implemented as a User Element in ABAQUS [23] , are based on the constitutive model suggested by Dávila and co-workers [20] , and the detailed mathematical formulation can be found in Refs. [20, 21] .
The interface damage initiation is based on the quadratic interfacial traction interaction criterion as shown in Eq. (Fig. 2) . The interfacial damage propagation is based on constitutive interface tractions ( 3 , 1 , 2 ) and relative displacements (ı 3 , ı 1 , ı 2 ) as In Eq. (7), K is the initial stiffness of the interface, and d is the isotropic damage parameter. Prior to damage initiation, both faces of the interface element are bonded together with the high initial stiffness, K, and the value of d is equal to zero. The relative displacement, corresponding to damage initiation (ı 0 m ) in Fig. 3 , is called the mixed mode opening displacement or the fictive crack tip. The initiated damage then starts evolving based on an energy based propagation criterion Benzeggagh and Kenane [31] , which is described in Section 2.2. Meanwhile, the isotropic damage parameter degrades the interfacial tractions, as shown in Eq. (7), till the final separation point, ı f m in Fig. 3 , is reached.
Geometry of the numerical model and boundary conditions
The numerical model was created using the object oriented ABAQUS Scripting Interface in ABAQUS [23] for further optimization and parametric studies. The laminate is made of 24 plies with different stacking sequences as defined in Section 2 ( Table 1) . Each lamina is defined using the in-built reinforced ply damage model with 8 node, reduced integration, continuum shell elements. The interface elements, implemented as User Element routine in ABAQUS [23] , are placed in the mid-plane of the laminate to capture the delamination behaviour. Since the loading lever is not simulated, loading boundary conditions are applied directly to middle and end supports as shown in Fig. 4 . Moreover, different mode mixities G shear /G T ratios, are simulated by applying different displacement boundary conditions at mentioned supports. A schematic of the developed numerical model (orthotropic lamina and interface elements and applied boundary conditions) is shown in Fig. 4 . Refined mesh is used in the areas near to the middle support and in the vicinity of the delamination plane to avoid excessive element deformations.
The input material parameters for each lamina are obtained from previous measurements [32] . Ultimate in-plane strength in fiber, transverse, and shear directions (X, Y, and S, respectively) is determined from standard tension and compression coupon tests in fiber, matrix, and shear directions [33] . In order to obtain laminar fiber fracture (G fiber fracture ) and matrix cracking (G matrix crack ) strain energies, compact tension (CT) tests have been conducted, and the data were reduced based on the compliance method [34] . No standard data reduction scheme as well as test standards are currently available in literature for determination of intra-laminar toughness of composite materials. However, the compliance method, applied to (CT) test specimens, seems to provide good approximations of the intra-laminar fracture toughness values. For determination of (G fiber fracture ) (CT) experiments had been conducted on [0/90] 15 laminates where fibre breakage was the dominant failure mode and (G matrix crack ) was measured using [0] 30 laminates as (CT) specimens, where the mode of failure is generally matrix cracking. Interface properties (G Ic , G IIc , and Á) are derived from own MMB experiments. G Ic and G IIc , are obtained from pure mode I (Double Cantilever Beam) and pure mode II (End Notch Flexure) test results, using the Corrected Beam Theory data reduction scheme explained in Eq. (1). Á is the parameter, which best fits the Benzeggagh and Kenane criterion [31] when the total fracture toughness G c , obtained through Eq. (1) for each mode mixity, is plotted versus corresponding mode mix, G shear /G T , values (illustrated in Fig. 5a ). Normal and shear interfacial strengths are estimated to be 75-80% of resin strengths [35] . The initial stiffness, K, is approximated to be 10 7 . Based on the work of Allix and Blanchard [18] , this value is close to the ratio of the adjacent ply stiffness in thickness direction, E 33 , and the thickness of the interface, t, which is assumed to be 0.001 mm (K = E 33 /t). The required input parameters for the numerical model are summarized in Table 2 .
Results and discussion
Mechanical test results and numerical simulations
Having determined the required material parameters for the numerical model, the load versus load point displacement responses, obtained numerically and experimentally for three different mode mixities (30%, 50%, and 80%) on unidirectional laminates, are compared together, and the results are presented in Fig. 5b . According to the graph, good agreement is achieved between experiments and numerical simulations. The simulated curves are based on the specified Benzeggagh and Kenane (B-K) propagation criterion, which is determined by a fit curve trough all available experimental data, as shown in Fig. 5a . The results of individual experiments might not exactly coincide with the prediction of the simulation, since some uncertainties in the specified material parameters might exist, which in turn might affect the simulation results. Table 2 lists about 20 parameters as mechanical properties of lamina and interface that all by necessity contain some uncertainty. The deviation occurring in the FE calculation of maximum failure load, for a specified displacement, as a function of probable uncertainties in some material parameters is shown graphically in Fig. 5c . The specified parameters for the lamina are all obtained as a result of conducted experiments, such as coupon tension and compression tests and (CT) experiments as an average of at least Table 2 Mechanical properties of lamina (t: tension, c: compression, *is: in situ) and the 0/0 (UD) interface.
Mechanical properties of lamina (t: tension, c: compression, is: in situ) [32] 138000 10500 0.3 6300 3500 3.45 (2) interface properties (properties with the * sign are scaled to fit in the defined range. Ex: E11 value in c(1) must be multiplied by 10 2 to reach the value of 138 GPa listed in Table 2 ).
five specimens per test. Hence, the degree of uncertainty in lamina parameters is expected to be very low. Assuming 20% uncertainty range in used laminar properties (listed in Table 2 ), causes maximum 3.70% deviation in the estimated failure load value by FE simulations (cf. Fig. 5c(1) ). Meanwhile, some specified interface properties such as G Ic , G IIc and Á are obtained through MMB experiments, and some of them like the initial stiffness of the interface element (K) or initial interfacial strengths, 0 3 and 0
1
, are estimated based on mathematical approximations. The deviation in calculated failure load by FE simulation is about 2.7% for mathematically approximated 0 3 and 0 1 while it falls below 1.9% for G Ic and G IIc for the same uncertainty range of 20% (cf. Fig. 5c(2) ). Final point is the effect of initial interfacial stiffness, K on the FE prediction of the failure load. Fig. 5c(2) indicates that K must be chosen at least as large as 10 5 , to avoid higher values of deviations about 13.5% in FE calculations of failure load.
With increasing mode mixity, the critical applied load required for structural failure is also increased, as a result of increasing interlaminar shear forces in between crack surfaces. In the numerical simulations, the maximum interface damage parameter of all cohesive interface elements, d, can be tracked throughout the loading history in the specified cohesive zone. It is basically observed that this parameter starts growing very close to the first audible cracking point, shown in Fig. 5b , which also stands for a very good damage prediction of the working numerical model. Throughout the MMB experiments, for the highest mode mixity (80%) the crack propagation rate is higher and more instability is observed in the last stages of crack propagation. This in turn can trigger the more often occurrence of minor load drops in the load-displacement curve of 80% mode mixity. Meanwhile, microstructure investigations of the UD specimen under 80% mode mixity, explained in detail in Section 4.2, represent more often formation and occurrence of shear cusps and coalescence of microcracks. These microscopically observed phenomena make the fracture surface rougher, re-propagation of the crack harder and more unstable, which can lead to more frequent occurrence of minor load drops. In a numerical point of view, minor load drops, in Fig. 5b , could be correspondent to the growth of the damage parameter, d, and this growth follows a faster trend closer to the ultimate load. Fig. 6 shows the load-displacement response of MD and UD laminates subjected to MMB. It is basically observed that fiber angle orientation and stacking sequences have a global effect on load-displacement response. The in situ effects in MD laminates are characterized by higher transverse tensile and shear strengths of a ply when it is constrained by plies with different fiber orientations in a laminate, compared with the strength of the same ply in a unidirectional laminate [36] [37] . In this work, the in situ tensile and shear strengths for MD laminates are estimated based on the approach suggested in Ref. [37] and replace the ones used for the UD layup (Table 2) . After specifying the ply and interface material parameters, obtained experimentally, FE simulations and experimental results for each layup can be compared together (Fig. 6) .
The results belong to 50% mode mixity, and a good agreement is achieved in load-displacement response. The conducted experiments ( Table 3 ), prove that the mixed mode fracture toughness of MD laminates is considerably greater than UD ones with about 45% increase observed in both of the mentioned layups.
Crack paths and fracture surfaces
First point of interest in MD laminates subjected to MMB are the curved crack fronts (Fig. 7a) , observed for example in layup 45, which is considered as an extrinsic toughening mechanism and will improve the fracture toughness and make it difficult for the crack to re-propagate [7] . In contrast, in UD laminates the crack front remains rather straight. Second point is deviation of the crack from the delamination mid-plane to the adjacent disoriented ply observed at later stages of the experiment (Fig. 7b ). This will also contribute to some amount of energy absorption through in-ply damage in the adjacent layer, which again leads to an increase in the total mixed mode fracture toughness [38] .
Mixed mode delamination fracture surfaces produced under different mode mixities and different stacking sequences are investigated by SEM. Fig. 8 displays typical fracture surfaces obtained on UD laminates under 30% and 80% mode mixity. The inter-laminar fracture surfaces obtained under 80% mode mixity exhibited a rougher topography than the ones obtained under 30% mode mixity. In Fig. 8a and b, it can be seen that the roughness is due to more dense and upwardly drawn shear cusps, which are caused by the extensive yielding (ductility) of the matrix. The primary difference between the fracture surfaces at different mixed mode ratios can be seen in the orientation of the cusps. The 30% fracture surface (Fig. 8a ) has a few number of cusps already with the tendency to be drawn and tilted due to existing mode II action, and larger amount of mode II (80%) draws and tilts the cusps more and more due to the higher amounts of shearing action (Fig. 8b) .
Similar observations about the dependency of appearing roughness of delamination crack surfaces on the mode mixity have been reported by Reeder and Crews [28] , who compared inter-laminar fracture surfaces produced under various mode mixities. The presence of the cusps, which are more expressed under conditions of higher mode II loading proportion, suggests inter-laminar shear as the primary load source behind their formation. Morris [39] suggested that the formation of shear cusps is correlated with flexural loading associated with local bending of the fracture surface just behind the crack tip. However, according to Smith and Groove [40] their formation occurs by coalescence of numerous microcracks inclined at an angle to the plane of applied shear. Denser appearance of upwardly drawn cusps in 80% mode mix (Fig. 8b) , which has larger amount of contributing inter-laminar shear, supports the idea presented in Ref. [28] . Additionally, confirming the idea of Smith and Groove [40] , formation and coalescence of microcracks corresponding to the growth of the damage parameter, d (Fig. 5b) is also treated as a potential source responsible for formation of these shear cusps.
It is also worth to note, that the fracture toughness of the here tested material with the thermoplastic matrix (PEEK) is larger than that of the epoxies tested in literature [28] . This larger fracture toughness can be referred to the larger strain to failure created by the yielding of the thermoplastic PEEK.
One of the main differences between the fracture surface of the PEEK composite studied here and epoxy is that all the PEEK fracture surfaces ranging from pure mode I to pure mode II have cusps caused by the higher amount of matrix plastification. In contrast, in an epoxy composite, referred in literature, the fracture surfaces of lower modes are completely flat indicating brittle cleavage fracture. Another difference is the appearance of hackles with higher mode mixity in an epoxy composite, whereas no hackle formation is observed in PEEK. These differences between fracture surfaces indicate different failure mechanisms for these two classes of polymer matrix composites.
MMB delamination between +45/−45 ply interfaces exhibited some distinct differences in fracture morphology compared to 0/0 interface under the same mode mixity (Fig. 9) .
The overall fracture surfaces of the +45/−45 interface exhibited more cohesive matrix fracture than the 0/0 interface as illustrated in Fig. 9a . Longitudinally oriented rows of fan-shaped matrix fracture areas, oriented with a slight tilt to the overall fracture surface, are observed in the related SEM micrograph (Fig. 9a) . Since the failure of +45/−45 interface is dominated by matrix fracture, the maximum load to failure is not as large as for the 0/0 interface, where the failure exhibits broken fibers, which have been bridging the crack (Fig. 9b ). According to [40] , the appearance of broken fibres ahead of the crack tip in the fracture zone has a direct effect on rising the fracture load in laminated composites. This fact can also be verified by comparing the mixed mode failure load levels of layups UD and 45 in Fig. 6 .
Summary and conclusion
This paper studies the effect of fiber orientation and different stacking sequences on mixed mode delamination failure in UD and MD laminates following experimental and numerical approaches. The load-displacement response of MD composites subjected to MMB is strongly dependent on the stacking sequence of the laminate. Inter-laminar mixed mode fracture toughness of MD laminates increases considerably compared to UD ones as a result of some observed extrinsic toughening mechanisms such as appearance of curved crack fronts and intra-laminar energy absorption. SEM micrographs also provide detailed information on the nature of mixed mode fracture under different mode mixities and give further clarifications on the probable micro-mechanical origins of observed different fracture energies in various layups. The numerical model based on using damageable plies and interface elements has been validated successfully through comparison with experimental results for different mode mixities and various layups. It is also significant that all interface parameters must be specified correctly in order to obtain solution convergence.
